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Vibration controlAbstract In this paper, a soft active isolator (SAI) derived from a voice coil motor is studied to
determine its abilities as a micro-vibration isolation device for sensitive satellite payloads. Firstly,
the two most important parts of the SAI, the mechanical unit and the low-noise driver, are designed
and manufactured. Then, a rigid-ﬂexible coupling dynamic model of the SAI is built, and a dynamic
analysis is conducted. Furthermore, a controller with a sky-hook damper is designed. Finally,
results from the performance tests of the mechanical/electronic parts and the isolation experiments
are presented. The SAI attenuations are found to be more than 20 dB above 5 Hz, and the control
effect is stable.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
For most satellites, on-board devices with moving/rotating mass,
such as momentum or reaction wheels, ﬂexible manipulator sys-
tems, cryocoolers, and other specialised devices, create micro-
vibrations.1–4 In the past, micro-vibrations with low amplitudes
and frequencies up to approximately 1 kHz have often been
neglected because of the low levels of induced disturbances.
Today, many satellites require very quiet environments to
protect sensitive payloads, such as laser communicationdevices, astronomical telescopes, and micro-gravity experimen-
tal instruments. In order to achieve these stringent require-
ments, research on the attenuation of satellite micro-
vibrations has become much more important. A variety of
satellite designs and control architectures have been studied.5,6
The most important aspect of satellite design and control is the
vibration isolation between the precision payload and the dis-
turbance base, which provides perfect transmissibility at low
frequencies, greater isolation at high frequencies, and minimal
ampliﬁcation at all frequencies.
Commonly, passive isolation is regarded as the most
mature technology for managing in-orbit vibration isolation.
Ref.7 discussed a two-layer vibration isolator assembly on
the James Webb space telescope, which used viscoelastic
damping with titanium springs and graphite/epoxy beams.
Ref.8 created a compact isolator for a space imager that was
composed of three C-shaped metal springs with rubber damp-
ers. Ref.9 studied a viscoelastic damped ball joint and demonstrated
its space applications, such as reaction wheel isolator struts. Ref.10
Fig. 1 Schematic of mechanical unit.
Fig. 2 Cutaway view of mechanical unit.
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in which the damping force was produced by a viscous ﬂuid. Ref.11
proposed a simple isolator, which consisted of a spring in parallel
with an electromagnetic Maxwell unit. Passive isolation is necessary
to limit the ampliﬁcation at resonance but tends to reduce high-fre-
quency attenuation. Furthermore, the damping materials are
unable to maintain their properties in the harsh space environment
because of their temperature dependence, making them insufﬁcient
for in-orbit micro-vibration isolation.
To overcome the disadvantages associated with passive iso-
lation, active isolation has been widely studied for nearly two
decades. Active isolation is usually conducted by two different
types of isolators: hard active isolators (HAIs) and soft active
isolators (SAIs).
HAIs use a stiff actuator (either piezoelectric or Terfenol-D) in
series with a spring. Refs.12–16 investigated various vibration isola-
tion assemblies for precision payloads that employed piezoelectric
HAIs, and Refs.17–19 studied isolation assemblies with Terfenod-
D HAIs. The HAI assemblies have proved to be effective for nar-
rowband isolation. For broadband isolation, the control force of
an HAI must be applied over a wide range of frequencies, leading
to complex control algorithms and requiring powerful acquisition/
operation electronics, high power consumption, and precision sen-
sors, which are inappropriate for space applications.
SAIs generally use a soft actuator, typically a voice coil motor,
in parallel with a soft spring. Although SAIs require that the pay-
load mass be off-loaded during ground testing and satellite
launching, they have lower corner frequency than HAIs, so they
allow much lower frequencies to be isolated and consume less
on-board resources in broadband isolation. Refs.20–23 discussed
spacecraft hexapod isolators, which were composed of voice coil
motor SAIs with suspended permanent magnets. The main disad-
vantage of this conﬁguration is that the permanent magnet, which
is located on the bottom ﬂexible joint, decreases the local mode
frequency of the SAI, while inducing excessive stress on the ﬂexi-
ble joint. Refs.24–28 showed a more appropriately designed hexa-
pod isolator with voice coil motor SAIs, in which the
permanent magnet was ﬁxed. In this conﬁguration, the permanent
magnet is attached to the base, and the membrane performs the
functions of both the axial spring and the bottom ﬂexible joint.
Refs.29,30 demonstrated the concept of a disturbance-free payload
architecture for active isolation as well as precision steering of a
payload, which was controlled by non-contact voice coil motor
SAIs. Ref.31 fabricated several active vibration isolation assem-
blies for international space station micro-gravity experiments,
which were controlled by the levitation of various electromagnetic
SAIs. Although the isolation assemblies with non-contact or lev-
itation SAIs exhibited good performance, the complexity of the
system design and controls decreases their reliability and restricts
applications on unmanned satellites.
Thus, previous work has shown that an SAI is more suitable
for satellite vibration isolation in regard to isolation perfor-
mance, technology maturity, and consumption of on-board
resources. However, few studies have focused on the low-noise
design of an SAI system for micro-vibration as well as SAI vibra-
tion isolation experimental veriﬁcation with micro-vibration
excitation. In this paper, a voice coil motor SAI with a ﬁxed
permanent magnet was studied. There were one active degree-
of-freedom (DOF) along the axis of the SAI and ﬁve passive
DOFs, making the SAI applicable to not only localised (single-
axis) isolation but also systematic (multi-axis) isolation when
forming an isolation mount (e.g., tripod, hexapod, or octopod).In addition to the SAI system design and analysis, this paper
reports on (1) the six DOFs stiffness calculation of the SAImem-
brane in large deformation, (2) the development of a low-noise
linear driver for the SAI with a high-speed buffer, and (3) the
SAI micro-vibration isolation experiments in frequency domain
and time domain to verify the control effect and stability.
This paper begins with a discussion of the demands of satel-
lite micro-vibration isolation and a summary of the isolation
approaches that have been used or studied. Next, the design,
analysis, and manufacture of the mechanical unit and the
low-noise linear driver of a voice coil motor SAI are studied.
Then, rigid-ﬂexible coupling dynamic modelling of the SAI
based on the Catia-Patran/Nastran-Adams software platform
and an analysis of the SAI are conducted, and a sky-hook
damper for active control is designed and simulated. Finally,
experimental results of the SAI are shown, including driver
noise, dynamic response, and frequency/time domain isolation.
2. Design and manufacture of SAI
2.1. Mechanical unit
Fig. 1 shows the schematic of the mechanical unit of the SAI. As
shown in the ﬁgure, a permanent magnet, the heaviest part of the
mechanical unit, is attached to the base. A single membrane per-
forms the functions of both the spring for axial compliance and
the U-joint. A rod is attached to the central point of the mem-
brane, supports the coil on the left side and connects to the ﬂexible
joint on the right side, which in turn is connected to the payload as
a ball joint. In this design, the rod axis is allowed to rotate with
respect to the magnet at the central point of the membrane. This
capability results in an increase in the magnetic gap of the voice
coil motor, which slightly decreases the force sensitivity. The
one active DOF on the SAI is the axial movement of the coil,
and the ﬁve passive DOFs are the rotation and torsion of the
membrane and the ﬂexible joint. Figs. 2 and 3 show a cutaway
view and a photo of the mechanical unit.
Fig. 3 Photo of mechanical unit.
Fig. 4 Membrane FE model.
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The voice coil motor used in this paper is a ferromagnetic
core radial polarity toroid manufactured by Chenyang Auto
Tech. The peak/continuous force is 80 N/21.8 N, the stroke
is ±2.5 mm, the force sensitivity is 12.7 N/A, and the mass
of the coil/magnet assembly is 45 g/215 g. The gap between
the coil and the magnet allows the rod to rotate approximately
1.
(2) Membrane
The membrane is a key component in the mechanical unit
of the SAI. Its structural characteristics should satisfy the fol-
lowing criteria: (1) a lower axial stiffness to decrease the corner
frequency of the SAI, (2) a minimum rotational stiffness to
reduce additional torque, and (3) high lateral and torsional
stiffness with and without membrane deformation to restrict
the shear and twist of the coil.
In this paper, the membrane is made of a beryllium copper
alloy and is designed to achieve a 1 Hz axial resonance fre-
quency when the SAI is coupled to a 50 kg payload. The design
stiffness is 1974 N/m. The major procedures associated with
membrane design included adjusting the size, number, and dis-
tribution of chambered slits (Fig. 4) and assigning the diame-
ters of the outer and inner circles according to the
dimensions of the voice coil motor. To obtain precise values
with the deformation, a non-linear ﬁnite element (FE) analysis
was performed to determine the various degrees of stiffness of
the designed membrane. The material properties used in the
analysis were an elastic modulus of 127.5 GPa, a Poisson ratio
of 0.3, and a density of 8.25 g/cm3. The FE model is shown in
Fig. 4.
In this paper, the membrane stiffness from the six DOFs is
computed in the equilibrium position with and without elasticTable 1 Membrane computed stiffness.
Deformation case Stiﬀness along axial directi
Along x Along y
Equilibrium position without deformation 8.185 · 105 9.486 · 105
1 mm axial elongation 5.870 · 105 3.679 · 105
1 rotation about x 8.181 · 105 9.351 · 105
1 rotation about y 7.966 · 105 9.476 · 105deformations. The stiffness is indirectly obtained by measuring
the elongations along the x, y, and z axes versus the load as
well as the deﬂections around the x, y, and z axes versus the
torsion. Table 1 shows the computed membrane stiffness val-
ues. The values show that (1) compared with the design stiff-
ness, the error of the computed axial stiffness (along z) in
the equilibrium position is relatively small (4.86%); (2) com-
pared with the equilibrium position, the variation in the axial
stiffness, when extended and rotated, is relatively small (within
10%); (3) the rotational stiffness (around x and y) is low, and
the variation in the rotational stiffness, when extended and
rotated, is very small (within 1.5%); (4) the lateral stiffness
(along x and y) is high, and the variation in the lateral stiffness,
when rotated, is very small (within 1.5%), while the variation,
when extended, is relatively large (28.29% and 61.25%, respec-
tively); (5) the torsional stiffness (around z) is high, and the
variation in the torsional stiffness, when extended and rotated,
is relatively small (within 5%).
The membrane is manufactured with a thickness of 0.3 mm,
using a standard chemical etching process to minimise machin-
ing induced stress and deformation. Then, a three-hour heat
preservation aging treatment inside a vacuum return air fur-
nace was performed. Fig. 5 shows the photo of the membrane.
(3) Flexible joint
The ﬂexible joint should approximate a ball joint to connect
to the payload, to ensure that the maximum axial stiffness and
minimum rotational/torsional stiffness are maintained.
Although many kinds of ﬂexible joint designs have been
studied, this paper adopts a typical form as studied in Ref.32
(see Fig. 6). In order to achieve a high yield strength and a
low elastic modulus, titanium was selected as the joint mate-
rial. A non-linear FE analysis was performed to determine
the various degrees of stiffness of the ﬂexible joint used in
the membrane design. The material properties used in the anal-
ysis were an elastic modulus of 106.4 GPa, a Poisson ratio of
0.3, and a density of 4.51 g/cm3. The FE model is shown in
Fig. 6. Because of the stiffness serial characteristics of the
ﬂexible joint and the membrane, as well as the much loweron (N/m) Stiﬀness around axial direction (NÆm/rad)
Along z Around x Around y Around z
2.070 · 103 0.2287 0.2632 86.4135
2.275 · 103 0.2321 0.2657 82.3856
2.069 · 103 0.2287 0.2632 83.2794
2.068 · 103 0.2287 0.2632 83.1591
Fig. 6 Flexible joint FE model.
Fig. 7 Photo of ﬂexible joint.
Fig. 5 Photo of membrane.
Fig. 8 Schematic circuit diagram of driver.
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joint are very small. The stiffness values from the six DOFs
of the ﬂexible joint in the equilibrium position without elastic
deformation are computed and listed in Table 2.
The ﬂexible joint was manufactured by electro-erosion,
with a photo shown in Fig. 7.
(4) Other parts
Other parts of the SAI include top/bottom caps, a cylinder,
a rod, limiters, and so on. All of these parts are made of alu-
minium and shown in Fig. 2.
2.2. Low-noise driver
The disturbance levels for micro-vibration are always low. To
achieve isolation, the electrical noise from the SAI driver
should be highly restricted. The existing driver in our labora-
tory is a pulse-width modulation (PWM) power ampliﬁer, with
power delivered by a Mosfet H-bridge stage. Because a ripple
current is inevitably produced by the PWM chopper, the
electrical noise of the PWM power ampliﬁer is relatively high.Table 2 Flexible joint computed stiffness.
Deformation case Stiﬀness along axial directi
Along x Along y
Equilibrium position without deformation 2.9531 · 106 3.0294 · 10In this paper, to replace the PWM one, a low-noise linear
driver with a high-speed buffer was designed, built, and tested
for performance.
Fig. 8 shows the schematic circuit diagram of the driver. A1
and A2 are operational ampliﬁers (model OP07). A1 and R1–R3
compose a follower to decrease the inﬂuence of the load volt-
age on the input voltage (namely, UI = ui). As an induced cur-
rent will be produced when a coil moves in a magnetic ﬁeld, the
driver should experience current negative feedback to preserve
the ratio between the input voltage (UI) and the output current
(IO). A2, P, and R4–R6 compose a ‘‘voltage-current’’ converter
to provide current negative feedback. RL is the load (coil). P is
a high-speed buffer (model BUF634) and is used as a current
ampliﬁer. The BUF634 high-speed buffer operates on
1.5 mA quiescent current with maximum 250 mA output,
2000 V/ms slew rate, and a 30 MHz bandwidth. Because the
BUF634 is an operational ampliﬁer chip, its electrical noise
is much lower than that of the power ampliﬁer chip. Its output
current is relatively low but is suitable for the micro-vibration
conditions, where the power consumption is low. Further-
more, the BUF634 can be connected in parallel to multiply
the output current if needed.
Fig. 9 shows a photo of the low-noise driver, in which eight
BUF634 high-speed buffers are used, and the maximum out-
put is 1 A (another 1 A is shunted by the feedback resistors).
The testing of the driver is described in Section 5.2.on (N/m) Stiﬀness around axial direction (NÆm/rad)
Along z Around x Around y Around z
6 1.3817 · 107 2.8517 2.8455 27.8735
Fig. 9 Photo of driver.
Table 3 Computed mode shapes and frequencies of SAI.
Mode Mode shape Frequency (Hz)
1 Tilting around x of membrane 0.084
2 Tilting around y of membrane 0.085
3 Piston along z of membrane 1.076
4 Tilting around x of ﬂexible joint 1.605
5 Tilting around y of ﬂexible joint 1.621
6 Twisting around z of ﬂexible joint 2.240
Fig. 10 Simpliﬁed dynamic mode of SAI.
Fig. 11 Transmissibility of SAI.
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3.1. Dynamic modelling
The SAI is composed of both rigid (magnet, coil, etc.) and ﬂex-
ible (membrane and ﬂexible joint) parts, so a rigid-ﬂexible cou-
pling dynamic model of the SAI was built with the Catia-
Patran/Nastran-Adams software platform.
Firstly, CAD models of the SAI parts were built with Catia,
so that dimensions, masses, and inertia properties could be
established. For the rigid parts, the CAD models were con-
verted into .CMD ﬁles by Catia/SimDesigner and imported
into Adams. For the ﬂexible parts, the CAD models were
imported into Patran/Nastran and analysed after carrying
out operations necessary to run the models: assigning the
material properties, deﬁning the element properties, meshing,
and creating multi-point constraints (MPCs). The membrane
was meshed with Hexahedron elements, and the ﬂexible joint
was meshed with Tetrahedron elements Tet10. The MPC
points were used as constraint points for the forces in Adams,
thereby establishing the connections between the ﬂexible and
rigid parts. Eight points on the membrane’s outer circle were
deﬁned as MPC points, as well as the central point of the inner
circle. Meanwhile, 2 ends of the ﬂexible joints were deﬁned as
MPCs. The Nastran analysis was then conducted, and a modal
neutral ﬁle (.MNF) was created, including the model geome-
try, nodal mass and inertia, mode shapes, and so on. Finally,
the .MNF ﬁles were imported into Adams.
In this way, the rigid and ﬂexible parts were assembled in
Adams, and the rigid-ﬂexible coupling dynamic model of the
SAI was created.
3.2. Analysis
Mode and frequency analysis of the SAI was conducted. The
former six mode shapes and frequencies are listed in Table 3.
Modes 1–3 and 4–6 are mainly the deformations of the mem-
brane and the ﬂexible joints, respectively. The six responsive
modes in the frequency band of 0.084–2.240 Hz show the
appropriateness of the designs of the membrane and the ﬂexi-
ble joints.
In the frequency analysis, a sinusoidal signal varying from
0.01 to 1.00 kHz was applied to the bottom of the SAI along
the z axis. In order to interpret the results and assess the per-
formance of the design, the mean-square-root (MSR) value ofthe responses on the payload along x, y, and z axes was
calculated.
4. Controller design
The simpliﬁed dynamic model of the SAI is shown in Fig. 10.
The variables M, k, and c are mass, stiffness, and damping,
and the variables Fa, xb, and xp are the control force, the base
displacement, and the payload displacement. When Fa = 0,
the SAI is a passive isolated system, and the transmissibility
is deﬁned as
xpðsÞ
xbðsÞ ¼
csþ k
Ms2 þ csþ k ¼
1þ 2ns=xn
1þ 2ns=xn þ ðs=xnÞ2
ð1Þ
where the natural frequency xn ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k=M
p
and the damping
ratio n= c/2xnM.
Fig. 11 shows the transmissibility curves for different values
of n. When the angular frequency x <
ﬃﬃﬃ
2
p
xn, increasing n will
reduce the transmissibility amplitude, particularly at the reso-
nance frequency. However, when x >
ﬃﬃﬃ
2
p
xn, increasing n will
Fig. 12 Numerical simulation of transmissibility.
Fig. 14 Payload noise.
Fig. 13 Experimental setup used in testing SAI.
Fig. 15 MSR value of payload response.
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decay rate, which deteriorates from 40 dB/dec to 20 dB/
dec.
In order to solve this conﬂict, a simple feedback control
strategy, a skyhook damper,33 is introduced, for which the
control force, Fa(s) =  gsksxd, where gsk is the control gain,
is proportional to the absolute velocity of the payload. Then,
the closed-loop transmissibility of the isolator is deﬁned as
xpðsÞ
xbðsÞ ¼
csþ k
Ms2 þ ðgsk þ cÞsþ k
ð2Þ
When c<<gsk and c  0, the system is approximated by a sec-
ond-order oscillation cell:
xpðsÞ
xbðsÞ ¼
k
Ms2 þ gsksþ k
¼ 1
1þ 2ns=xn þ ðs=xnÞ2
ð3Þ
where the damping ratio n ¼ gsk=2xnM. The closed-loop
transmissibility curve is shown as the dotted line in Fig. 11.
The asymptotic curve at low frequency is a 0 dB line, while
at high frequency, the asymptotic curve is a 40 dB/dec line,
which crosses the 0 dB line at xn. When n is larger than the
critical damping ratio of 1=
ﬃﬃﬃ
2
p
, the resonance peak is removed.
By using the model shown in Fig. 10, the transmissibility of
the SAI was numerically simulated. According to the actual sys-
tem, a controller was designed, and the SAI parameters were
M= 50.137 kg, k= 2061 N/m, c= 21 N/(mÆs2) (experimen-
tally determined), and gsk = 455 (when n is the critical damping
ratio). The result (Fig. 12) shows the effects from the controller.
5. Experiment
5.1. Experimental setup
Fig. 13 shows the experimental setup for the SAI. To eliminate
the effects of gravity, the mechanical unit of the SAI, a 50 kg
payload, and an electromagnetic exciter were horizontally sus-
pended, with the exciter ﬁxed to the base. To protect the pay-
load from any micro-vibrations, even slight friction within the
mechanical unit of the SAI must be avoided. Therefore, the
three parts are ﬁnely aligned to ensure that they remain
coaxial.
A high-precision single-axis accelerometer (LANCE Tech.
Inc., model: LC0116) and a medium-precision 3-axis acceler-
ometer (LANCE Tech. Inc., model: LC0111) were ﬁxed on
the payload for closed-loop control and response measure-
ment, respectively. Another LC0116 accelerometer was ﬁxed
on the exciter used for micro-vibration generation.5.2. Results
(1) Noise testing
To evaluate the electrical noise from the low-noise driver,
the noise from the payload when the driver powered on/off
for a 0 V input situation was examined. Fig. 14 shows the pay-
load noise acquired by the model LC0116 accelerometer.
When powered on, the payload acceleration induced by the
electrical noise from the low-noise driver was identical to the
background noise when the driver was powered off. Further-
more, the payload noise derived from the laboratory’s existing
driver (Everbloom Sys., model: 4122Z) was also examined
(dotted line in Fig. 14), and the acceleration induced from
the electrical noise of this driver was found to be much higher.
(2) Frequency analysis
A 10 · 103g sweep excitation was applied on the bottom of
the SAI along the z axis, similar to the simulation described in
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tromagnetic exciter, the minimum frequency in this experiment
was higher than that in the simulation. The frequency range
examined was 0.5–1000 Hz. The MSR value of the three out-
put channels of the LC0111 accelerometer (responses along
the x, y, and z axes) is shown as the dotted line in Fig. 15.
The consistency of asymptotic decay rate between the experi-
mental and simulated transmissibility is good. Because of cer-
tain dynamic model errors, such as the deviation of the
membrane stiffness and the damping coefﬁcient, the frequency
errors of mode frequency in the simulated values can be found
in Fig. 15. Furthermore, the nonlinear effects, such as mode
frequency of suspending truss and additional parts, are
ignored in the dynamic model, so the high mode frequency
cannot exhibit in the simulated values.
(3) Isolation effects in the frequency domain
A 2 · 103g, 0.5–100 Hz sweep excitation was applied on
the bottom of the SAI along the z axis, with a control gain
of gsk = 455. Fig. 16 shows the experimental transmissibility
and the phase delay with and without using control. The result
shows that the resonance peak is signiﬁcantly suppressed, the
attenuations are more than 10 dB and 20 dB above
2.4 Hz and 5 Hz, respectively, and the mean value of the abso-
lute acceleration in the 5–100 Hz range is 0.156 · 103g.Fig. 16 Experimental transmissibility with and without control.
Fig. 17 Experimental amplitude at resonance frequency with
and without control.(4) Isolation effects in the time domain
A study in the stability of the control system, examining the
effects of isolation in the time domain, was also conducted. A
0.5 · 103g, 1.43 Hz (the actual resonance frequency along the
z axis) sinusoidal excitation was applied on the bottom of the
SAI, with a control gain of gsk = 455. Fig. 17 shows the
experimental amplitude with and without using control. The
results show that the amplitude signiﬁcantly decreases after
the control takes effect, approximately 7 s, and the effect is
stable.6. Conclusions
An SAI has been designed and tested for use in satellite micro-
vibration isolation. The mechanical unit of the SAI consists of
a voice coil motor, a membrane, and a ﬂexible joint, and the
low-noise driver for the SAI is current-ampliﬁed by a high-speed
buffer. A rigid-ﬂexible coupling dynamic model of the SAI was
built and analysed, and a sky-hook damper was designed for use
as a control. The experimental results show that:
(1) The SAI’s payload acceleration induced by the electrical
noise from the low-noise driver is similar to that from
the background noise.
(2) The experimental and simulated transmissibility from
the frequency analysis agree well.
(3) With the sky-hook damper, the resonance peak is signif-
icantly suppressed, attenuations are more than 20 dB
above 5 Hz, and the control effect is stable. Further-
more, the experimental isolation transmissibility is con-
sistent with those of other SAIs,34 which shows the
effectiveness of the designed SAI and the controller.
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